The ability of the human immune system to repel infections is drastically diminished with age. Elderly individuals are more susceptible to new threats and are less able to control endogenous infections. The thymus, which is the sole source of new T cells, has been proposed as a target for regenerative efforts to improve immune competence, as thymic activity is dramatically reduced after puberty. In this review, we review the role of the thymus in the maintenance of T cell homeostasis throughout life and contrast the differences in mice and humans. We propose that in humans, lack of thymic T cell generation does not explain a decline in T cell receptor diversity nor would thymic rejuvenation restore diversity. Initial studies using next generation sequencing are beginning to establish lower boundaries of T cell receptor diversity. With increasing sequencing depth and the development of new statistical models, we are now in the position to test this model and to assess the impact of age on T cell diversity and clonality.
Introduction
A decline in regenerative capacity is one of the hallmarks of aging. Cells from the immune system are not exempted from this general failure. However, aging of the immune system does not appear to be a random process; different lineages are affected in distinct ways. Not only does the pool of hematopoietic stem cells decline, the remaining stem cells in circulation may have already acquired lineage commitment and therefore are not fully pluripotent. The partial differentiation results in the preferential production of myeloid cells at the expense of the lymphoid lineages (Beerman et al., 2010; Pang et al., 2011; Wang et al., 2012) . As a consequence, the ability to generate new B cells declines with age (Guerrettaz et al., 2008; Kogut et al., 2012) . The story is even more complicated for T cells, where thymic activity develops into a true bottleneck. It is currently unclear whether a decline in thymocyte precursor cells contributes to thymic dysfunction. However, the major culprit appears to be the thymic epithelial cells which degenerate (Taub and Longo, 2005) . Thymic involution is a complicated process that begins early in life and is clearly evident after puberty. Although linked to aging, it cannot be considered a typical age-associated degenerative process (Linton and Dorshkind, 2004) . However, thymic involution has obvious implications for T cell homeostasis and has therefore been alleged to contribute to the immunosenescent features that compromise the adaptive immune system in the elderly. In support of this notion, thymectomy during early childhood caused changes in T cell population similar to those in the elderly, such as reduced CD4 and CD8 T cell numbers, in particular of naïve T cells (Halnon et al., 2005; Prelog et al., 2009; Sauce et al., 2009; van Gent et al., 2011; Zlamy and Prelog, 2009 ). Perturbations in the T cell repertoire were particularly evident in the subgroup of individuals who acquired an infection with cytomegalovirus (Sauce et al., 2009) .
With progressive age, the ability to mount an adaptive response clearly declines (Weng, 2006) . This is most evident from the impaired and insufficiently protective generation of immune memory after vaccination (Gagliardi et al., 2012; Jefferson et al., 2005; Levin, 2012; Nichol et al., 2007) . In addition, the ability to control endogenous infections such as herpes zoster declines (Levin, 2012) . Elderly individuals also have increased susceptibility to viral infections, particularly newly arising infectious organisms such as the virus causing severe acute respiratory syndrome or West Nile fever cause increased morbidity and mortality (Jean et al., 2007; Nikolich-Zugich et al., 2012; Peiris et al., 2003) . The current prevailing paradigm proposes that the shrinkage of compartment size and diminution in T and B cell receptor diversity, due to defective generation of T cells and B cells, eventually compromises the ability of the immune system to respond to a universe of antigens. debated how much and for how long some residual activity can be found. Several studies have described islands of active epithelial thymic tissue in the aged thymus, but the overall thymic architecture is not maintained and it is unclear whether these small islands are of any functional importance (Flores et al., 1999; Jamieson et al., 1999; Taub and Longo, 2005) . This question is important in two settings: first, does the aging thymus contribute to the naïve T cell repertoire under steady state condition? Second, does the aging thymus have renewal capacity to rebuild a T cell repertoire in situations where the existing repertoire has been wiped out and the compartment has at least been partially emptied, such as with chemotherapy or bone marrow transplantation. T cell receptor excision circles (TRECs), byproduct of T cell receptor alpha chain rearrangements, are frequently used to assess the frequency of recent thymic emigrants. Although several studies have shown that these TRECs exponentially decline with age, some low level of TRECs can still be detected even in the very elderly (Douek et al., 1998; Naylor et al., 2005; Poulin et al., 1999) . Mathematical modeling has suggested that the decline is fully explained by partial cell loss and compensation by homeostatic proliferation, and thymic T cell generation does not have to be entered into the model to explain the persistence of TRECs (Hazenberg et al., 2003) . TREC frequencies are therefore consistent with the model that thymic T cell production in the adult is quantitatively irrelevant. Conversely, while T cell reconstitution after intensive chemotherapy is incomplete even in young adults (Mackall et al., 1995) , several studies have emphasized renewed thymic activity. However, in most studies, thymic activity could be demonstrated only in a diminishing subset of individuals older than 40 to 50 years (Castermans et al., 2011; Hakim et al., 2005) . We have come to similar conclusions from studies of patients with rheumatoid arthritis who were treated with the anti-CD52 antibody Campath 1H and therefore did not receive cytotoxic agents that could have diminished thymic epithelial function (Jendro et al., 1995) . These patients, when older than 50 years were not able to rebuild a diverse repertoire. Thymic activity can be augmented by cytokine treatment. Treatment of lymphopenic patients with IL-7 showed increased homeostatic expansion of naïve CD4 and CD8 T cells and generation of new T cells. The observed increase of T cell receptor repertoire diversity was likely due to a combination of thymic activity and peripheral naïve T cell expansion (Sportes et al., 2008) .
T cell homeostasismice versus men
Most initial studies on T cell homeostasis have relied on the mouse model, where some degree of thymic activity is needed to maintain a naïve T cell repertoire and a severe contraction in size and diversity is observed with age (Linton and Dorshkind, 2004) . Thymectomy in neonatal mice seriously impairs the development of the immune system; most mice die within four months from progressive wasting and diarrhea (Metcalf, 1960; Parrott et al., 1966) . Thymectomy in adult mice reduced the population of lymphocytes. Rejection of skin transplants in these mice was still intact, but these studies were done only few months after thymectomy at which the repertoire may not have been sufficiently contracted (Miller, 1965) . Indeed, holes in the repertoire have been identified in aged mice and implicated in defective T cell responses toward the influenza virus (Yager et al., 2008) .
Already early studies by Mackall and Gress emphasized differences in T cell homeostasis of mice and men (Mackall and Gress, 1997) . More recent data modeling T cell subset numbers and TREC frequencies support the conclusion that the T cell kinetics in humans are fundamentally different and that results from mouse models cannot be easily extrapolated to humans (den Braber et al., 2012) . In humans, T cell homeostasis depends on the renewal capacity of the existing pool of naïve CD4 and CD8 T cells (Fig. 1) . As a consequence of turnover, TREC concentrations decline with age in humans while staying constant in the mouse. For human CD4 naïve T cells, this system is very efficient in maintaining a sizable naïve compartment. However, there is a larger loss in naïve CD8 T cells, for which the reason is not known (Czesnikiewicz-Guzik et al., 2008) . Since T cell homeostatic proliferation occurs in tissue niches driven by the recognition of self-antigen and homeostatic cytokines, it is possible that this niche effect is different for CD4 and CD8 T cells. It is far less likely that imbalanced thymic production accounts for the larger depletion of naïve CD8 T cells.
In silico simulation of the effect of thymic loss on T cell diversity
In addition to compartment size, T cell homeostasis is associated with maintaining a high diversity of T cell receptors expressed by naïve CD4 and CD8 T cells. Since T cell receptor rearrangement in the thymus is the only means to generate diversity, the ability of homeostatic proliferation to maintain the established diversity is of critical importance for immune function in the elderly. To address this question, we have used a stochastic agent-based in silico simulation of T cell homeostasis during aging (Johnson et al., 2012) . We accounted for the carrying capacity in the number of cells, the relative division rate per cell per day, the death rate per cell per day, the initial clonal size in terms of number of cells, the initial thymic influx per day and the thymic recombination bias. Our simulations estimated the total number of Fig. 1 . Mechanisms regulating the T cell repertoire with age. The schematic diagram contrasts the effect of age on the naïve T cell repertoire in mice and humans. In mice, the repertoire is dependent on thymic influx throughout life, and decreasing thymic activity leads to a decreased size of the naïve compartment with contracted diversity. In contrast, the human repertoire is maintained through homeostatic proliferation of existing T cells and only modestly contracts. However, uneven proliferation and peripheral fitness selection can cause increasing clonality. different T cell receptor β chains in the naïve T cell compartment and the Simpson diversity index. In this model, homeostatic proliferation was highly efficient; a diverse repertoire was maintained for 50 + years after the thymic production of new T cells and the influx of new T cell receptors had completely ceased. Even if the compartment size was contracted by 50 or 95%, i.e., modeling an extreme shrinkage with age, the contraction in diversity was minimal. A repertoire contraction was only observed in cases of uneven homeostatic proliferation and peripheral fitness selection. The contraction could be severe and occur within a short time window, when a clonal progeny acquires cumulative changes in growth behavior. The associated clonal expansion within the naïve compartment could eventually lead to a severe compression in diversity.
Current estimates of repertoire diversity and their limitations
To assess the validity of these predictions, strategies have to be developed to sequence the T cell receptor repertoire in sufficient depth in strictly purified naive CD4 and CD8 T cells. Initial estimates by Arstila and colleagues were based on sequencing only a few hundred T cell receptor β chains sharing one particular VB-JB combination; their estimates were in the order of about 1 million different TCRB genes (Arstila et al., 1999) . Recently, next-generation sequencing by the Robins' and Warren's group established a lower boundary of 3 to 4 million TCRB genes (Robins et al., 2009; Warren et al., 2011) . These studies tried to extrapolate from a small sample of a few million cells to the global T cell compartment that may encompass up to 10 12 T cells. It is unclear at this time whether the model used to do this extrapolation is valid or whether it underestimates infrequent events and the true repertoire is more diverse. Sufficient sequencing depth in these models is of particular importance when clonal expansions are frequent, otherwise, diversity will be severely underestimated. Clonal expansions may represent contaminating memory cells that masquerade as naïve T cells. Alternatively, the expansion may occur within the naïve compartment as a result of uneven homeostatic proliferation. In our previous studies, we had not seen a difference in TCRB gene diversity in naive CD4 T cells between the age of 20 and 65 years, while TREC frequencies declined. This observation is consistent with our in silico modeling that thymic function is not needed to maintain diversity in humans (Johnson et al., 2012; Naylor et al., 2005) . We had, however, noted the sudden emergence of increased clonality after the age of 70 years. In parallel, the number of T cells proliferating in vivo under steady state conditions increased. In these initial studies, many of the expanded T cell clones were also found in the memory compartment, suggesting that clonal expansions of memory T cells assume a naïve phenotype and are therefore presumably able to compete for the resources in the niches that sustain naïve cells. Since these studies relied on CDR3 hybridization experiments with a small number of sequences, sequencing depth was not sufficient to detect rare TCR sequences. Therefore, we were not able to assess whether these clonal expansions have a negative impact on overall diversity. With increasing sequencing depth using next generation sequencing, we have also identified clonal expansions in the naïve compartment that were not detectable in the memory compartment (unpublished observation).
Future perspectives
Next-generation sequencing now provides the tools to sequence the T cell receptor repertoire in great depth and address the question of how diverse the repertoire truly is and whether thymic function is necessary to maintain sufficient diversity to recognize the universe of potential antigens. The challenge in these studies is not the technical component of next-generation sequencing but rather the statistical design and analysis. Rigorous statistical analysis will be required to properly assess infrequent events and to extrapolate the data from relatively small sampling to the entire T cell compartment, particularly if the repertoire of naïve T cells also contains clonally expanded cells. We predict that thymic involution alone is not sufficient to lead to repertoire contraction. However, advancing age may be associated with uneven proliferation due to peripheral fitness selection, leading to clonal expansions of naïve CD4 and CD8 T cells (Fig. 2 ). If this selection is excessive in either number or size, repertoire diversity would be impacted. Since these clones have been selected for fitness and survival, they would outcompete any new thymic immigrants, and thymic rejuvenation would not be able to restore diversity. A similar effect could be seen with clonal expansions induced by the recognition of exogenous antigens if these clones assume a semi-naïve phenotype and compete for the same tissue niche (Johnson et al., 2014) . This may be of particular relevance for cytomegalovirus infection, where memory inflation and phenotypic conversion in the CD8 compartment are frequent (O'Hara et al., 2012) . Interestingly, latent infection with murine cytomegalovirus has been shown to induce similar changes in T cell subset composition in mice as observed in humans. More importantly, latent infection was associated with a defective naïve CD8 T cells to unrelated viruses (Cicin-Sain et al., 2012; Smithey et al., 2012) . The finding of clonal expansion of naïve T cells may also provide an explanation for the increased incidence of some autoimmune diseases in the elderly Weyand, 2001, 2012) : T cells clonally expanded in the naïve compartment are selected on self-antigens. Therefore, these clonally expanded autoreactive cells could be the underlying mechanism for the frequent asymptomatic autoantibody production in otherwise healthy elderly, and these cells may even cause symptomatic autoimmune disease in some elderly patients Goronzy et al., 2010) . Fig. 2 . The temporal relationship between thymic involution, T cell repertoire contraction and T cell clonal expansion in humans. The graph illustrates the model that repertoire contraction is temporally unrelated to thymic involution. Thymic activity rapidly declines in early life and is minimal throughout adult life under steady state conditions. The T cell receptor repertoire remains highly diverse independent of thymic activity, and diversity only shows moderate contraction, which may be accelerated in the elderly. One of the hallmarks of aging is the emergences of increasing clonal expansions within the naïve repertoire.
